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Abstract  
 
Electron crystallography is complementary to X-ray crystallography. 
Single crystal X-ray diffraction requires the size of a crystal to be 
larger than about 5 × 5 × 5 μm3 while a TEM allows a million times 
smaller crystals being studied. This advantage of electron 
crystallography has been used to solve new structures of small 
crystals. One method which has been used to collect electron 
diffraction data is rotation electron diffraction (RED) developed at 
Stockholm University. The RED method combines the goniometer 
tilt and beam tilt in a TEM to achieve 3D electron diffraction data. 
Using a high angle tilt sample holder, RED data can be collected to 
cover a tilt range of up to 140o.  
 
Here the crystal structures of several different compounds have 
been determined using RED. The structure of needle-like crystals 
on the surface of NiMH particles was solved as La(OH)2. A 
structure model of metal-organic layers has been built based on 
RED data. A 3D MOF structure was solved from RED data. Two 
halide perovskite structures and two newly synthesized 
aluminophosphate structures were solved. For those beam sensitive 
crystals characterized here, sample cooling down to -170oC was 
used to reduce the beam damage. The low temperature not only 
reduces electron beam damage, but also keeps the structure more 
stable in the high vacuum in a TEM and improves the quality of the 
diffraction data. It is shown that cooling can improve the resolution 
of diffraction data for MOFs and zeolites, for samples undergoing 
phase changes at low temperature, the data quality could be worse 
by cooling. In summary, cooling can improve the ED data quality as 
long as the low temperature does not trigger structural changes.   
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Abbreviations  
 
2D                   Two-dimensional 
3D                   Three-dimensional 
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COF                Covalent organic framework 
MOF               Metal-organic framework 
AlPO              Aluminophosphate 
CL                  Condenser lens 
OL                  Objective lens 
PXRD             Powder X-ray diffraction 
SXRD             Single crystal X-ray diffraction 
UI                   User interface 
R&D               Research and development 
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1      Introduction     
 
Every material has their own atomic structures, which give them 
different properties. In 1895, Wilhelm Röntgen discovered X-rays 
which then started a whole new subject called “X-ray 
crystallography”. After William Henry Bragg and his son William 
Lawrence Bragg discovered Bragg’s law, single crystal X-ray 
crystallography started its way to become the standard structure 
determination approach. In 1932, the transmission electron 
microscope (TEM) was invented by Knoll and Ruska to obtain 
images of the materials in the micron-scale. In 1984, the first 
inorganic structure was solved by electron crystallography [1].  
 
There are many ways to solve a structure using TEM. These can be 
divided into two ways: imaging and diffraction. Using the imaging 
system of a TEM, 2D images of a sample can be taken directly and 
then the 3D structures can be reconstructed from those 2D images. 
Using the diffraction mode, 2D diffraction patterns of the sample 
can be obtained and the 3D reciprocal lattice can be reconstructed 
from those 2D diffraction patterns. Compared to single crystal X-
ray diffraction, electron diffraction is suitable for extremely small 
crystals (as small as 0.1 × 0.1 × 0.01 μm3), which is much smaller 
than the crystal size requirements for SXRD (5 × 5 × 5 μm3). This 
makes electron diffraction more powerful than XRD in two 
situations: 1, TEM can deal with crystals that do not grow big 
enough for single crystal XRD. 2, TEM can deal with samples 
containing multiple unknown phases. 

 
Based on those advantages of TEM, the RED (rotation electron 
diffraction) method has been developed by the group at Stockholm 
University [2]. The RED method can be described as two parts: 1, a 
data collection program which controls the TEM and the camera; 2, 
a data processing program which is used to reconstruct the 3D 
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reciprocal space. The RED method is especially useful for samples 
that have multiple phases. When synthesizing new materials, a 
common problem is that the synthesized samples are not pure. 
Another common problem is that the new samples are very 
unstable, which makes them very difficult to study by the high 
energy electron beam in TEM. For the development of new 
materials, it is very important to know the structure at first, because 
afterwards it still has a long way to go from the first experimental 
samples to practical application. So, knowing the structure in 
advance could save much time for R&D (research and 
development). To deal with beam sensitive samples, here cooling 
has been combined with the RED method. By combining cooling 
with RED, many different newly synthesized materials are 
characterized and their structures are solved. 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 



8 
 

2      Background  
 
2.1 Transmission electron microscopy (TEM) 
 
2.1.1 TEM 
 
In 1932, soon after Louis de Broglie first hypothesized that the 
electrons have wave-particle duality in 1927, Knoll and Ruska built 
the first TEM [3]. The optical system of a transmission electron 
microscope contains three parts: 1, the gun which generates an 
electron beam; 2, the lenses or coils which focus the electron beam; 
3, the detector which records the images. Figure 1 shows details of 
a typical TEM. 
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Figure 1 An schematic illustration of a transmission electron 

microscope (TEM). 
 

After World War II, TEMs were commercialized by several 
companies, including Hitachi, JEOL, Philips etc. The applications 
of TEM are very  broad today, from biology to materials science. 
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2.1.2 Imaging 
 
The first TEMs were built for imaging. Figure 2 shows the scheme 
of imaging in a typical TEM. Like a typical optical microscope, 
TEM in early stage could not reach high resolution. At that time, 
the magnifications used were lower than 5000×. In 1968, Crewe et 
al. [4] constructed a scanning transmission electron microscope 
(STEM). Later in 1972, the first high-resolution transmission 
electron microscope (HRTEM) was constructed powerful enough 
to observe the metal atoms in an oxide. [5] Figure 3 shows a 
HRTEM image of a crystal. 
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Figure 2 Scheme of imaging in a typical TEM. 
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1.00 nm

 
Figure 3 HRTEM image of a crystal of MgO taken with the incident 

beam parallel to the b-axis. Reprinted with permission from Thomas 
Thersleff . 

 
In the 21st century, the development of the monochromator [6], Cs 
corrector [7] and Cc corrector [8] has made magnificent progresses 
for imaging atomic structures. 
 
2.1.3 Diffraction 

    
A diffraction pattern of the sample can be obtained by adjusting the 
current on the intermediate lens coil in a TEM. Today, electron 
diffraction is used to solve the real space structure of a crystal from 
its complete 3D reciprocal lattice. Two methods have been 
developed to collect ED patterns and then process the data. One is 
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the automated diffraction tomography (ADT) method which was 
developed by Ute Kolb et al. [9]. Another method is the rotation 
electron diffraction (RED) which was developed in Stockholm [10]. 
Here, RED was mainly used to collect 3D diffraction data. In a 
typical data collection procedure, a crystal is first selected. A small 
selected area electron diffraction (SAED) aperture is used to limit 
the illuminated area. Then the starting tilting angle of the 
goniometer is set typically to -70o. On different samples, the 
exposure time for each frame and the beam intensity can be 
adjusted. 
 
2.1.4 Sample preparation for TEM 
 
In a TEM session, the first and often critical part is to prepare the 
TEM samples. Many different ways of sample preparations were 
applied here. Ultramicrotomy was often used for sample 
preparation to get a cross section of a sample. Using an 
ultramicrotome, the thickness of the crystal can be cut to 50nm-
500nm. This will allow the electrons to go through the specimen to 
obtain an image of the cross section. Figure 4 shows an example of 
a cross section image. 

 

 
Figure 4 A cross section of an Hf-bpdc MOF crystal (left) and an Hf-

bpdc MOF crystal at prefered orientation (right). 
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Knowing the chemical composition of a newly synthesized material 
is a key step towards solving the atomic structure. An EDS 
(Energy-dispersive X-ray spectroscopy) detector mounted on a 
TEM is often used to determine the composition. By detecting the 
X-ray excitation from interaction between the sample and electron 
beam, the elemental composition of the materials can be 
determined. A typical EDS spectrum is shown in Figure 5. 
 
 

 
Figure 5 An EDS spectrum obtained from a perovskite sample. 

       
 
 
 
 



15 
 

2.2 Crystallography 
     

2.2.1 History of crystallography 
 
The word “crystal” comes all the way from the ancient Greek word 
“krustallos”, which means ice [11].  After 1600 years, in 1895, X-
rays were discovered. Until late 20th century, the term 
crystallography mainly referred to X-ray crystallography. A crystal 
is a substance which has 3D symmetrically atomic structure that 
extends in all directions. Crystallography is a technique which is 
used for the determination of a crystal’s atomic structure.  
 

      
2.2.2 X-rays and X-ray diffraction 
 
X-rays were recognized as electromagnetic radiation in 1912 [12]. 
The most common way of solving 3D atomic structure is using X-
ray diffraction. The basic idea of using X-rays to obtain the 
positions of the atoms in a crystal is based on the Bragg equation: 
2dsinθ = nλ. 

 
2.2.3 Structure determination by single crystal XRD and 
powder XRD 
 
X-rays are scattered by the electron clouds around the atoms. As a 
result, X-ray diffraction patterns can be obtained. The atomic 
scattering factor is the power of scattering X-rays of an atom. In a 
crystal, the atoms are arranged periodically. Structure factors can 
then be calculated from the atomic scattering factors of a perfect 
crystal using the following equation:  
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The basic principle of every kind of structure solution from 
diffraction is based on the structure factor equation. The most 
common way of using XRD data for structure solution is the direct 
methods. The direct methods use the measured diffraction 
intensities, |F|2, to determine the structure. The positions of atoms 
are considered as the peaks of the electron density map in the direct 
methods. The typical bond distance is 1-2Å which requires the 
diffraction data resolution to ideally reach about 1Å. For most of 
the single crystal XRD data, the resolution needed for structure 
solution can be achieved.  

 
2.3 Electron crystallography 
 
2.3.1 Electron diffraction 

      
Electron diffraction is different from X-ray diffraction. The main 
differences between electron diffraction and X-ray diffraction are: 
1, the wavelength of a typical electron beam (200kV) is about 50 
times shorter than that of X-rays; 2, the lenses in the electron 
microscope can be used to focus the diffracted electrons into an 
image, while the X-rays cannot be easily focused or defocused; 3, 
multiple scattering does occur in ED which can make structure 
determination difficult [13].   

     
2.3.2 Electron crystallography 

      
Electron crystallography can be described similarly with the X-ray 
crystallography. There are four differences between electron 
crystallography and X-ray crystallography. First, the atomic 
scattering factors for electrons and X-rays are different. Second, the 
crystal size required for electron crystallography can be a million 
times smaller than that required for X-ray crystallography. Third, 
the dynamical effects exist in electron crystallography [14]. At last, 
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the phase problem [15] of electron crystallography can be solved in 
some cases using HRTEM images. There are two main practical 
methods for obtaining the structure solution using electron 
diffraction: ADT (automated diffraction tomography) [16] and 
RED. The method used here is the RED method.   

 
2.4 Rotation electron diffraction (RED) 
 
2.4.1 Data collection 

     
The RED program for operating the TEM is developed by Wei et al. 
from Stockholm University. RED contains two different parts: the 
data collection program and the data processing program. A typical 
data collection procedure is as follows. After the sample 
preparation, the copper grid is mounted on the sample holder which 
is then inserted into the TEM. After the sample mounting, the TEM 
needs to be aligned before data collection. The alignment contains 
4 main parts: 1, the Z height to adjust the sample to the eucentric 
height [17]; 2, the gun tilt alignment to adjust the beam center; 3, 
the CL (condenser lens) aperture and CL astigmatism alignment; 4, 
the OL (objective lens) astigmatism alignment. After the alignment 
has been done, an SAED aperture is then inserted to select an area 
of a crystal.  Start from tilting the goniometer to a high angle (50o-
70o), and then keep the selected crystal inside the SAED aperture. 
Then the diffraction pattern is taken. A typical RED data 
collection’s setting can be similar with the parameters in figure 6. 
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peak merging which are done automatically; 5, the unit cell 
determination. The unit cell needs to be checked manually after the 
automatic determination. This is to see if a unit cell with a higher 
symmetry could be found. After the unit cell has been determined, 
the space group should also be determined manually. The typical 
way to get the space group is to cut out the hk0, h0l and 0kl planes 
or other specific planes and check the reflection conditions with the 
International Table for Crystallography [18]; 6, after the space 
group and the unit cell have been determined, the indexing can be 
executed by clicking index button. The reflections are indexed in 
the respective space group. The output hkl and p4p files are used 
for the structure determination later. 
 
For most of the data which requires TEM plus RED techniques, the 
common part is that they are new materials which have some 
problems that conventional X-ray diffraction cannot solve. Here are 
some typical reasons: 1, crystals are so small that no strong enough 
signals can be obtained using SCXRD; 2, samples are not pure 
enough to get identified by PXRD (powder X-ray diffraction); 3, 
the amount of the sample is too small to be determined by other 
techniques; 4, beam damage which means the samples are not 
stable under the X-ray or electron beam. For beam sensitive 
samples [19], the cryo technique can be used to improve the data 
quality.  
 
2.5 Cryo holder 

      
2.5.1 Normal holder (room temperature holder) 
 
In TEM, the sample mounting procedure is as follows: 1, spread 
the sample by one of several ways on the grid; 2, mount the grid on 
the sample holder; 3, insert the holder into the TEM. There are 
holders for different purposes. The most common holder used in 
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TEM for materials science is the single tilt holder shown in Figure 
9. 

 

 
Figure 9 A single tilt holder. 

 
The normal holder is mainly formed by three different parts: 1, the 
tip part which is for mounting the sample grid (this part will be in 
the TEM main vacuum chamber); 2, the middle part which stays in 
the TEM vacuum system (this part stays in the sample mounting 
chamber); 3, the holding part which supports the holder (this part 
will stay outside the vacuum). 
 
For many samples that need to be studied by the RED method in 
TEM, the normal holder (single tilt holder) is most commonly used. 
If the main reason that the structure cannot be solved using XRD is 
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that the crystal is too small, then after using the single tilt holder 
combining the RED, often the electron diffraction data will be good 
enough for solving the structure. When there are multiple phases in 
the sample, it will be very hard to use PXRD to distinguish 
different diffraction peaks caused by different phases. In a TEM 
using the SAED aperture, a single crystal can be chosen and the 
whole dataset then will be collected by RED. Meanwhile EDS can 
be applied to obtain the composition of the crystals. Another way to 
solve the multiple phases’ problem in a TEM is to use image mode. 
The different phases in the sample can often be distinguished by 
the morphologies. Yun et al. [20] characterized a sample containing 
4 different phases. These were subsequently determined by TEM 
and their structures were solved by RED.  
 
2.5.2 Cryo holder 
 
For many materials, the main problem is often the beam damage. 
Together with the former problems, the samples often need to be 
studied using not only the normal single tilt or double tilt holder, 
but also the cooling system to minimize beam damage. A cooling 
holder or cryo holder is often used for biological samples [21].  
Figure 10 shows a typical cryo-transfer holder. 
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Figure 10 A typical cryo-transfer holder (the upper part shows the 

holder and the the bottom part shows the suppor of holder). 
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The cryo-transfer holder was used for cooling. Here are the main 
parts that form a cooling holder (from left to right). The most 
important part is the chamber of the liquid nitrogen (LN). The 
chamber is for cooling the copper grid which in its turn cools the 
sample itself. Figure 11 illustrates the mechanism of the cooling. 

 

 
Figure 11 The mechanism of the cooling system on the cooling holder. 
 

When the LN is filled into the chamber, the copper container on the 
left side will be cooled down to -170oC. Because of the thermal 
conduction, the heat will start to transfer through the copper wire 
from the high temperature part (the copper grid on the right) to the 
low temperature part (the LN chamber on the left). Here the 
chamber is full of LN, which means this part will maintain -170 oC 
while the heat is continuously transferred to the LN chamber. The 
temperature of the copper grid on the right side will be cooled 
down to -170 oC in 30 minutes. The second part of the cooling 
holder is the same as the normal holder which contains the sample 
part in the main TEM vacuum column. The difference between the 
cooling holder and the normal holder is the valve to cover the 
sample grid during the sample mounting. A drawing of the cover 
system is shown as Figure 12. 
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Figure 12 The model of a cooling holder that shows the cover (no.1) 

mechanism. 
 

The cover (no.1) in the dashed circle (Figure 12) can keep the 
samples in a cold environment for a short term during the sample 
mounting procedure. And also, it can be used as a beam stopper 
during the data collection. Here, the cooling holder was often used 
with the RED technique.  

      
2.5.3 RED with cooling 
 
A beam sensitive sample can survive longer time at -170oC than at 
room temperature. TEM can be used on those very beam sensitive 
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samples. For example, Zhang et al. [22] used this method to 
characterize a COF (covalent organic framework) structure which 
is very beam sensitive. In the previous chapter, the RED method 
was introduced. By collecting RED data at -170oC, the quality of  
the diffraction data for beam sensitive samples can be improved. 
The reasons for this are: 1, the temperature of the sample down to -
170 oC can significantly keep the sample stable under the beam 
which allows the data collection time to be much longer; this 
means the exposure time of each frame can be longer, which makes 
the intensities of the reflections higher. 2, the longer data collection 
time means the collection angle can be higher, i.e. the completeness 
of the diffraction data can be higher. 3, much more stable sample 
means that HRTEM can be obtained to assist the structure solution. 
4, for most of the porous materials, under high vacuum in the TEM 
column, the small molecules in the pores can evaporate out of the 
porous materials which then change the original structures. But by 
using the cooling stage under -170 oC, most of the small molecules 
will be frozen in their original positions. This will keep the original 
structure unchanged during the data collection. Another reason to 
use cooling is that the porous materials’ framework can change in 
the high vacuum. The typical materials that often have this problem 
are the MOFs (metal organic frameworks) [24].  
 
2.6 Beam sensitive samples 
 
Four kinds of beam sensitive samples will be discussed. These will 
show how the cooling helped in improving data quality and finally 
increased the chance for solving the structure. Here is a brief 
introduction for those samples with improvements of the diffraction 
data collection.  
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2.6.1 Metal-organic frameworks (MOFs)  
 
For all those beam sensitive samples’ ED data collection, the most 
successful data collection happened on the MOF structure from 
Cheng Wang’s group in Xiamen University. Two different 
materials were characterized, one contained the single or few metal 
organic layers and another was a 3D MOF. Both structures have 
been investigated using XRD and TEM at room temperature. The 
structures could not be solved by those techniques and no 
reasonable structure model could be built, due to the lack of 
diffraction data. The main reason why the sample could not be 
solved using XRD was that the crystals were too small (smaller 
than 1μm in all three dimensions). Other reasons why TEM at room 
temperature was not used to determine the structure of the samples 
are: 1, the structure changes in the high vacuum of TEM; 2, the 
sample is very electron beam sensitive. Both structure models were 
finally obtained through cooling the sample. 
 
Another MOF structure that proved the advantages of cooling 
combined with RED was the MOF structure received from Sihai 
Yang’s group in Nottingham University. This MOF structure was 
published in 2012 [23]. The approach they used was to solve the 
structure from PXRD data collected on a synchrotron, which was 
very costly. By cooling combined with the RED method, the 
structure was solved directly from the electron diffraction data and 
even the carbon atom positions were correct.  
 
2.6.2 Aluminophosphates (AlPOs) 
 
Two new AlPO structures were characterized. Using a new 
approach, a sample which contains two new structures was 
successfully synthesized. The main reasons that this sample could 
not be characterized by XRD are that: 1, the sizes of the crystals are 
too small to be characterized by single crystal XRD; 2, there are at 
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least two phases in the sample. It was very difficult to determine 
the structure from PXRD, since they were two new mixed phases. 
 
2.6.3 Perovskites  
 
A perovskite sample contained two phases that could undergo 
phase transformation at 120oC. The materials were the cesium lead 
iodide/bromide (CsPbI3-xBrx) film. This film contained two phases, 
one of which was a perovskite and the other was a structure with 
similar structure motif. For this sample, the problems were that: 1, 
the amount of the sample was extremely small; 2, the structure was 
very temperature sensitive. 
 
2.6.4 Other samples 
 
A beam sensitive Ge/Si zeolite was synthesized by Xiaoge Wang 
from Peking University. The crystal size was too small which is a 
typical problem for newly synthesized Ge zeolites. That made the 
single crystal XRD method unsuitable for structure determination. 
PXRD was carried out but did not work. The reason was because 
that there were several other phases co-existing in the sample as 
impurities. 
 
Another sample was a metal hydride material received from 
Höganäs AB. This material was difficult to solve because it 
contained multiple phases.  
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2.7 Aim of the thesis 
 
We wanted to show if the data quality could be improved by 
cooling. Significant improvements of ED data quality were 
obtained by cooling and by the RED method. By comparing 
different data collection strategies on the same sample with and 
without cooling, the improvements of the structure determination 
were shown clearly. By comparing different data collection on 
different samples with and without cooling, it became clear which 
kinds of sample most likely need cooling and which not.  By 
comparing the same data collection strategies at different 
temperatures, effect of the temperatures was shown. By going 
through these experiments and comparisons, a clear opinion about 
when to use which kind of holder to achieve the success of 
structure determination was shown. 
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3 Comparison of data collected using cooling 
and other techniques 

 
3.1 Cooling versus room temperature  

 
In this chapter, the study will be focused on comparing datasets 
obtained at different temperatures in a TEM. The following 
samples were analyzed: 1, a MOF structure from Sihai Yang’s 
group at Nottingham University; 2, a MOF structure from Cheng 
Wang’s group at Xiamen University; 3, a structure which 
undergoes phase changes at low temperature; 4, a structure with an 
IWR (Instituto de Tecnologia Quimica Valencia - twenty-four) 
framework. 

 
 
 
1. The MOF from Sihai Yang’s group 
 

The MOF structure Al2(OH)2(C16O8H6)](H2O)6 (NOTT-300) was 
prepared by reaction of biphenyl-3,3’,5,5’- tetracarboxylic acid and 
Al(NO3)3

.9H2O in water containing HNO3, and was isolated as a 
microcrystalline material [23]. 
 
As described in the paper, the structure of the NOTT-300 was 
determined from the data collected on a high-resolution 
synchrotron PXRD.  Here TEM was used to solve the structure. 
The materials studied here are the same as in the paper.  
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Figure 13 The morphology of the NOTT-300 sample. 

 
Compared with the image they got from a JEOL 2100F 
transmission electron microscope using an accelerating voltage of 
100 kV, the morphology is the same (see Figure 13). For this 
sample, the electron diffraction data was collected on the JEOL 
2100LaB6 using a low dose technique with cooling. The sample 
preparation is the same as in the published paper [23]. The sample 
was dispersed in ethanol first and then dropped on the copper grid. 
After drying, the copper grid was mounted on the holder and then 
inserted into the TEM. After alignment of the TEM, RED data was 
collected. The parameters used during the RED data collection are 
also shown in Figure 6. 

 
The total angle range collected is from -60.22o to +40.67o. In total  
561 frames was recorded. 8102 peaks were found from those 
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After indexing the diffraction data using the unit cell from the 3D 
lattice: a = b = 14.8Å, c = 11.8Å, α = β = γ = 90o, different ways 
were tried to solve the structure but they all failed. Even the heavy 
atoms’ positions could not be found correctly. Figure 15 is an 
example of a typical wrong structure model obtained from the 
above data set. 

 

 
Figure 15 The preliminary structure model of NOTT-300  obtained 

from room temperature ED data. 
 

The reason that the datasets was not good enough for solving the 
structure was that the Rint value of the data was  far too high (0.8). 
This means the data quality was too poor. So the cooling was used 
to collect another dataset to see if the data quality would be better. 
 
The way of data collection at -170oC was the same as at room 
temperature. Figure 16 shows the 3D electron diffraction data 
collected using a cryo transfer holder as a cooling stage. 
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Figure 17 The 3D structure model of the NOTT-300 obtained from 

electorn diffraction data collected at -170oC. 
 
The resulting NOTT-300 structure was correct and even the carbon 
positions were correct. However, during data collection at -170oC, 
often happened that the collected data were from some other 
crystals. For this NOTT-300 sample, the crystals of organic linkers 
were also found in the sample. This was identified from the unit 
cell determined by RED. 
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Figure 25 The LT phase of the perovskite crystals (CsPbI3-xBrx) that 

was found in the HT phase sample using cooling holder (unit cell: a = 
17.1Å, b = 4.7Å, c = 9.9Å, α = 90.0, β = 90.0Å, γ = 90.0Å). 
 
After comparison of the data collection using different 
temperatures for these two crystals which can transform with each 
other depending on the environment, a conclusion is made as 
follows. For the phase transition material (especially the 
temperature triggered phase transition), the best way is to use a 
normal holder or a temperature-controlled holder. If the purpose is 
to see the phase transition process under low temperature then 
cooling could be used for that purpose. Furthermore, if the phase 
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After comparison of the data collection using different 
temperatures for this beam sensitive Ge zeolite, the results show 
that cooling can be used to improve the ED data quality. This 
conclusion was made because cooling resulted in more indexed 
reflections. However, if the purpose is only to check if the structure 
is new, collecting data at room temperature is usually sufficient. If 
structure determination is the final purpose, cooling could be used 
after the unit cell has been determined. 
 
3.2 Cooling versus heating  
 
In this chapter, different ED datasets collected at different 
temperatures will be compared and discussed. 
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Figure 27 The heating holder. (a) the part which is inserted into TEM 

column; (b) overview of the heating holder; (c) the water pump which is 
used to cool the heating holder.   

 
Cooling can be done under different temperatures using 
temperature control. This means that the cooling can not only be 
used to deal with beam sensitive samples which need to be 
stabilized at low temperature, but also can be used to keep the 
sample at different temperatures. Heating holders can be used to 
study the phase changes by investigating samples at the different 
temperatures in the range from room temperature  to 1200 oC. Here 
it will be explained how cooling holder can be combined with a 
heating holder to allow a very wide temperature range. 
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grid so that the crystal can reach out at least 0.5μm away from the 
edge. Otherwise the diffraction patterns shown in Figure 28 will 
affect the ED patterns of the sample we are studying. Then the 
sample preparation should be different from the normal holder 
sample preparation: 1, the concentration of the sample dropped on 
the Mo grid should be higher; 2, the crystal should not be crushed 
too much to have bigger crystals that can protrude out into the 
holes of the grid. 
The crystal on which the ED data was collected is shown in Figure 
29a. The RED method was performed here to obtain the basic 
crystal information before heating. The data collection parameters 
before and after heating are the same. The tilting angle is from 
+15.2o to -28.6o, the exposure time is 1s, the goniometer tilt is 2o 
and beam tilt step is 0.2o here. 
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From both the morphology changes and the diffraction changes it 
reveals that heating is a powerful tool to see the phase transition 
process directly. Those temperature changes are over 0 oC. By 
combining cooling and heating, the temperature range can be 
extended from +1200 oC to -170 oC which makes the study of the 
temperature triggered phase transition of a material more feasible. 
 
3.3 Cooling versus rapid data collection  
 
In this chapter the qualities of different datasets using cooling and 
using rapid data collection will be compared and discussed. 
 
In recent months, our group has applied another data collection 
method using a much more powerful camera provided by 
Amsterdam Scientific Ins. It is named the continuous rotation 
electron diffraction (cRED). The basic idea of the method is to 
collect the data in less than 1 min to prevent beam damage for 
beam sensitive samples. The ED data collected using this rapid data 
collection and data collected using cooling were compared. 
 
The sample in this experiment is the MOF structure form Xiamen 
University: Hf-BPDC with a 3D MOF structure (see paper 4). 
Figure 32 shows an overview of the two different datasets. 
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consumed using these two different ways, the cRED data collection 
then is much more efficient. But considering the HRTEM 
technique, using cooling in a TEM is then much more useful. The 
mechanisms of the data quality improvements for these two 
methods are complementary with each other: the cooling data 
collection is to keep the crystal more stable while the continuous 
data collection is to shorten the beam illumination time on the 
crystal to prevent the beam damage. Thus these two methods can 
be combined with both advantages to achieve much better data 
qualities on much more beam sensitive crystals in the TEM.  
 
3.4 Summary 
 
In this section the different strategies for collecting ED data were 
discussed. From the comparison of data collection using cooling 
and at room temperature, the conclusion can be summarized: for 
beam sensitive samples, the electron diffraction data quality can 
always be improved by cooling. This conclusion should be under 
the condition that the low temperature does not change the structure 
of the material itself. 
 
From the comparison of cooling and heating, the conclusion is: for 
samples that easily undergo phase transition, especially temperature 
triggered phase transition, the behavior of the sample under a wide 
temperature range could be studied using both holders. Here, the 
temperature range could be from -170 oC to +1200 oC.  
 
From the comparison of cooling combining RED data collection 
and cRED data collection, the conclusions are: for beam sensitive 
samples, cooling and cRED data collection can both improve the 
data quality. A combination of these two methods will make the 
ED data collection even more feasible for beam sensitive samples.  
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4   MOF samples 
 
4.1 Layered MOF (Paper 2) 
 
Metal organic frameworks (MOFs), assembled from organic 
ligands and metal coordination nodes, have provided a versatile 
platform for heterogeneous catalysis.[30] However, their activity is 
often limited by the rates of diffusion of substrates and products 
within the frameworks. [31] Reducing one dimension of the MOF 
crystal to only a few nanometers can minimize the diffusion 
distance. This dimensional reduction results in two-dimensional 
(2D) metal–organic layers (MOLs). 2D coordination layers have 
been reported in the literature.[32] MOLs can be prepared in the 
presence of surfactants, which reduce the surface energy.[33] Here 
the MOLs can be obtained using a reactant molar ratio of HfCl4/ 
BTB/ HCOOH/ H2O/ DMF = 1.5 : 1 : 830 : 290 : 2280 by heating 
the mixture at 120oC for 48 hours. TEM images showed the MOLs 
to be thin films with an average sheet area of approximately 
4×4mm2. There are only three broad intra-layer peaks in the PXRD 
patterns of the sample, which is consistent with our pattern 
modelled for MOLs with one or two layers. The edges of the 
measured monolayers were usually slightly higher than the middle 
part because of the wrinkling. This 2D MOLs sample is very beam 
sensitive. RED method with cooling was applied here to determinet 
he atomic structure.  
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using a few layers model, the structure was confirmed (see paper 2 
in appendix).   
  
4.2 3D MOF (Paper 4) 
 
Nanosized metal-organic frameworks (nMOFs) have shown 
significant potential in nanomedicine and bio-imaging due to the 
ability to integrate multiple functional components.[34]  
Biomedically relevant nMOFs must be larger than ~10 nm to 
prevent rapid renal clearance and smaller than ~200 nm to reduce 
uptake by the mononuclear phagocytic system (MPS).[35] This 
kind of crystals can be efficiently determined by TEM with the 
RED method. Furthermore, the MOFs structures are known for 
being unstable. This makes the RED method combined with 
cooling ideal for their characterization.  
 
Recently Cheng Wang’s group in Xiamen reported a series of 
hexagonal nanoplates of nMOFs constructed from Zr4+/Hf4+ ions 
and various functional linear dicarboxylate linkers such as amino-
triphenyldicaboxylate, quaterphenyldicarboxylate, and Pt-5,15-
di(p-benzoato) porphyrin[36].  All of these nanoplates are 50-200 
nm in size and 20-40 nm in thickness. Their powder X-ray 
diffraction (PXRD) patterns exhibit many identical peaks, in 
addition to a few exceptions, to the corresponding UiO MOFs 
constructed from the same ligands and M6O4(OH)4 (M=Zr or Hf) 
secondary building units (SBUs).[37] None of the existing crystal 
structures of Zr/Hf MOFs with linear dicarboxylate linkers in the 
literature completely matched the PXRD patterns of the hexagonal 
nanoplates.  
 
Rotation electron diffraction (RED) [38] has been used on MOF 
structures. However, RED experiments with MOFs are challenging 
owing to the instability of most MOFs under intense electron 
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beams. Thus RED combined with cooling was applied here to 
determine the structure of the 3D MOF. 
 
The structure determinations of two isostructural nMOFs are 
performed. Hf12-BPDC and Zr12-BPYDC (BPDC = biphenyl 
dicarboxylate and BPYDC = bipyridine dicarboxylate) were 
characterized by RED combining with cooling. Hf12-BPDC and 
Hf12-BPYDC were synthesized by reacting HfCl4 and H2BPDC or 
H2BPYDC in DMF in the presence of formic acid and water at 120 
oC.  Hf12-BPDC and Zr12-BPYDC exhibit an unprecedented MOF 
structure with M12 (μ3-O)8(μ3-OH)8(μ2-OH)6 SBUs. Based on the 
RED structure of Hf12-BPDC and Zr12-BPYDC, a unified structural 
model was constructed [39] for this unusual series of Zr/Hf nMOFs. 
 
Three-dimensional electron diffraction of Hf12-BPDC and Zr12-
BPYDC were recorded in a transmission electron microscope with 
a cooling holder using RED. The RED data sets were constructed 
by systematically taking a series of electron diffraction patterns 
when tilting the goniometer at steps of 2.0° while scanning the 
beam tilt in the range of ± 1.0° at steps of 0.2°. With a collecting 
angle from -31.5° to +28.3°, 279 frames were taken in 2 hours for 
both Hf12-BPDC and Zr12-BPYDC. By using the RED data 
processing program, 3D reciprocal lattices were reconstructed from 
the RED data. The diffraction patterns of Hf12-BPDC and Zr12-
BPYDC were both indexed to hexagonal unit cells with a = b = 
19.0 Å, c = 43.2 Å. The space group was determined to be the 
trigonal P-31c or P31c based on systematic absences. The initial 
structure could only be solved in the P-31c space group. Using the 
direct methods, the positions of all Hf/Zr atoms were found. The 
positions of oxygen atoms around the heavy atoms were then 
located in the residual electron density maps. The positions of 
organic ligands were discerned on the residual electron density 
maps as electron clouds in rod shapes connecting the M12 SBUs. 
However, the exact positions of carbon and nitrogen atoms of the 
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ligands could not be unambiguously determined, due to large 
atomic displacement caused by disordered guest molecules and the 
much smaller electron diffraction cross-sections of these two 
elements than Hf/Zr. Thus the prior knowledge of the molecular 
structure of the organic ligands was used to construct a complete 
structural model using Materials Studio software suites. These 
models were then refined against the RED datasets of Hf12-BPDC 
and Zr12-BPYDC with rigid-body constraints on the organic linkers. 
Finally, hydrogen atoms were then added geometrically to the 
models. 
 

 
 Figure 34 Reconstructed 3D reciprocal lattice of the Hf12-BPDC from 

the RED data. (a) An overview of 3D reciprocal lattice. (b) A TEM image 
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of the crystal used for data collection. (c), (d), and (e) the reflection data 
in hk0, h0l and 0kl planes in reciprocal space, without any systematic 
absences. (f) The reflection data in hhl plane showing systematic absence 
and a reflection condition of l=2n. Reproduced from Ref.[39] with 
permission. 

 

 
Figure 35 (a) HRTEM image of Zr12-BPYDC showing the layers; (b) 

The inter-layer distances in the models of Zr12-BPYDC corresponding to 
the spacings in the HRTEM images. Reproduced from Ref.[39] with 
permission.  
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Figure 36 (a) The Hf12 cluster and the topology of the nMOFs showing 

an ABAB arrangement of the layers. (b-d) The ball-stick-polyhedra 
structural model of the nMOF structures viewed along the [110] direction 
and the space-filling model of the structures along the [001] direction for 
(b) Hf12-BPDC, (c) Zr12-TPDC and (d) Zr12-QPDC. The blue and cyan 
polydedra represent the Hf/Zr atoms in Layer A and Layer B respectively; 
the other elements are represented by balls of different colors: red, 
oxygen; gray, carbon; white, hydrogen. Reproduced from Ref.[39] with 
permission. 

 
With the structures of Hf12-BPDC and Zr12-BPYDC determined 
from RED, the powder X-ray diffraction patterns of two new 
nanoplates: Zr12-TPDC and Zr12-QPDC could be indexed. The 
structure of the Hf12/Zr12 SBUs in the nMOFs is similar to that of a 
discrete Zr12 cluster reported in the literature. [40]  
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As shown in Figure 35 and Figure 36, this new structure can be 
described as doubly linking the Zr12/Hf12 SBUs on the lateral sites 
to form hexagonal layers, followed by linking the layers on the 
head sites in ABAB manner to form the hcp structure. One-
dimensional channels run along the c-axis throughout the structure 
with channel diameters of 0.95 nm for Hf12-BPDC and Zr12-
BPYDC. These channels are interconnected by smaller channels in 
perpendicular directions. The structure was solved using the RED 
method at -170oC.  
 
4.3 NOTT-300  
 
The NOTT-300 sample is from Sihai Yang’s group in Nottingham. 
The structure was solved from high-resolution synchrotron PXRD 
data using ab initio methods and was found to be in the chiral 
tetragonal space group I4122. The NOTT-300-solvate has an open 
structure comprising chains of [AlO4(OH)2] moieties bridged by 
tetracarboxylate ligands L4−. The Al(III) ion in NOTT-300-solvate 
is bonded to six oxygen atoms, four from carboxylates [Al–O = 
1.935(1) and 1.929(2) Å] and two from bridging hydroxyl groups 
μ2-OH [Al–O = 1.930(1) Å]. This overall connectivity leads to a 
porous three-dimensional framework structure with one-
dimensional channels (Figure 37). The rigidity of the framework 
structure of NOTT-300 has been confirmed by in situ variable-
temperature (100–483 K) PXRD data [23]. 
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Figure 37 View of the NOTT-300 structure with a channel formed along 
the c-axis. Colors: gray: carbon, red: oxygen, purple: aluminum. 
 
From the RED data collected at -170oC, the structure of NOTT-300 
was solved directly and even the carbon atoms are correct.  
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were washed and filtered using deionized water at 80°C. After 
drying in air, the obtained products were white powder. 
 
For this new material, SEM images show that there were at least 
two phases in the sample, meanwhile the PXRD data were not good 
enough for determining two different unknown phases. Because the 
ratios of the elements in these two phases were similar, the EDS 
technology was not powerful enough to determine how many 
different phases there were.  The most difficult part was that, the 
sizes of the crystals were not big enough to be characterized by 
traditional methods such as single crystal X-ray diffraction. 
However, the RED method was powerful in this case. Using the 
RED method, the structure of the main phase (SU-108) was first 
solved and refined. Then the structure of the minor phase (SU-107) 
could be solved and refined as a novel 7-membered ring AlPO.  
 
5.2 7-ring AlPO (SU-107) 
 
The data collection for this novel 7-ring AlPO involved taking 737 
ED frames (in the range from -67.2o to +65.5o) at 0.2o beam tilt 
steps. With an exposure time of 0.5s per frame and manual 
adjustment of the crystal shifts every 2.0o, the whole data collection 
took about 60 minutes. The data processing took 2hours. 

 
 
 
 
 











70 
 

 
Figure 43 The structure of SU-108 solved by using SHELXS. a) 

Projected along the a-axis; b) Along the b-axis; c) Along the c-axis; d) 
Along the [111] direction. 
 
Using P-1 space group, the unit cell and the hkl file from RED data, 
the structure of the layered AlPO was solved by SHELXS. The 
refinement converged with an R1= 0.42. This structure (Figure 43) 
turns out to be a new structure with layered 8-membered rings 
formed by alternate Al-centered octahedra (AlO6) and P-centered 
tetrahedra (PO4). The 8-ring channel are parallel to the b-axis and 
perpendicular to the a-axis. There are no strong bonds between 
each layer. The oxygen atoms at the centers of the 8-membered 
rings correspond possibly to water molecules. 
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6   A halide perovskite (CsPbI3-xBrx) 
 
Smart photovoltaic windows with switchable visibility and 
electrical power generation are key stepping stones for integration 
with buildings, automobiles and information displays. Here, 
Peidong Yang’s group in Berkeley demonstrates a thermochromic 
solar cell for smart photovoltaic windows utilizing the phase 
transition behavior in inorganic halide perovskites. The cesium lead 
iodide/bromide (CsPbI3-xBrx) film can be converted from a non-
perovskite phase (the LT phase) with high visible transmittance 
(~80% transparency) and low power conversion efficiency of 
~0.1% to a perovskite phase (the HT phase) with a deep color 
(~34% transparency) and high efficiency of ~5.6% by heating, and 
then fully reverted back to the non-perovskite phase by moisture. 
The all-inorganic solar cells exhibit great color tunability, a highest 
device efficiency above 7% (for x = 1-1.5), and a lowest phase 
transition temperature of ~150°C (for x = 2).   
 
Here the HT and LT phases are characterized by RED, combining 
cooling during data collection (table 1). 3D electron diffraction data 
were collected by RED[1], on a JEOL JEM-2100 electron 
microscope. The dried samples were scratched down from the glass 
and then coated on a copper grid with carbon film (STEM150Cu 
grids, Okenshoji Co., Ltd.) directly. For both data collections, the 
collecting angle started from -35.0o to +35.0o. The goniometer tilt 
step was 2.0°, and the beam tilt step is 0.2° with the beam tilt range 
of ± 1.0°. The cooling (-170°C) was used during data collection.  
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6.2 The LT phase  
 

 
Figure 45 Reconstructed 3D reciprocal lattice of the LT phase from the 
RED data. (a) Overview of the 3D reciprocal lattice. (b) The 3D 
reciprocal lattice seen along the a-axis. (c), (d), and (e) show the hk0, h0l 
and 0kl planes. (f) The crystal from which the RED data was collected. 

 
Figure 45 shows the ED data of the LT phase collected using RED. 
The unit cell for this CsPbIBr2 crystal is determined as a = 4.797Å, 
b = 9.982Å, c = 17.184Å (orthorhombic). The LT phase structure 
was then proved to be the known structure (ICSD28312)  
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Table 1 The refined unit cell. 
 
Phase Composition Space 

Group 
Lattice 
Parameters 
(Å) 

ICSD 
Number 

Low-T 

CsPbBr3 Pmnb a = 4.597, b = 
9.721, c = 16.812 

28312 

CsPbIBr2 Pmnb a = 4.797, b = 
9.982, c = 17.184 

 

CsPbI3 Pnma a = 4.797, b = 
10.462, c = 17.788 

27979 

High-T 
CsPbBr3 Pm-3m a = 5.870 97852 
CsPbIBr2 Pm-3m a = 5.926  
CsPbI3 Pm-3m a = 6.289 1627096 
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Another kind of sample characterized using RED are metal 

hydrides (Paper 1). Metal hydrides used in commercial hydride 
batteries (NiMH) [42] are based on AB5 to AB3.3 alloys, where A 
are electropositive metals usually containing mixtures of rare earth 
elements. In this work, a surface treatment method was used to 
improve the kinetics at an alloy (La20Ce7Pr1Nd4Al2Mn5Co6Ni55). 
After the treatment, the surface of the metal hydride is covered with 
a needle-like phase (Figure 47).  

 

 
Figure 47 SEM images of the La20 Ce7 Pr1 Nd4 Al2 Mn5 Co6 Ni55 alloy 
surfaces after hot alkaline treatments for 3 min (a, d), 10 min (b) and 20 
min (c). Reproduced from Paper 1 with permission. 
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8    Conclusions and further perspectives 
 

In this thesis ED data collections using different approaches have 
been compared. There are many ways of collecting electron 
diffraction data, but to find the most efficient and most suitable 
way for the specific materials can sometimes be challenging. 

The conclusions are: 1, for beam sensitive samples, if the change 
of the temperature does not change the structure of the material 
itself, the electron diffraction data quality can always be improved 
by cooling; 2, if the change of the temperature will change the 
structure of the crystal, the sample may not be suitable for TEM 
analyses since the electron beam will always change the 
temperature of the samples. If the temperature changes caused by 
the electron beam are not affecting the structure of the samples, the 
cooling can then be applied; 3, if the change of the temperature 
would change the structure of the crystals and this is the purpose of 
the study, cooling combined with heating in TEM is a powerful 
approach to achieve the goal; 4, if the sample is extremely beam 
sensitive, the newly extremely fast cRED data collection method 
combined with cooling is a powerful tool.  

The ultra-fast data collection method has been developed and 
used to solve structures for very beam sensitive samples. Cooling is 
usually applied when the beam sensitive samples do not undergo a 
phase change at low temperature. In the future, these two methods 
will be combined to deal with more complicated samples including 
proteins.  
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9    Sammanfattning 
 
 

Elektronkristallografi är en komplementär metod till 
röntgenkristallografi. Röntgendiffraktion på enkristaller kräver att 
kristallens storlek är större än ca 5 × 5 × 5 μm3 medan en miljon 
gånger mindre kristaller kan studeras med elektronkristallografi. 
Denna fördel med elektronkristallografi har utnyttjats här för att 
lösa nya strukturer av små kristaller. En metod som har använts för 
att samla in elektrondiffraktionsdata är rotationselektrondiffraktion 
(RED) som utvecklats vid Stockholms universitet. RED-metoden 
kombinerar goniometertilt och strålningstilt i ett TEM för att samla 
in 3D elektrondiffraktionsdata. Med hjälp av en speciell 
provhållare kan RED data samlas in inom +/- 70ᴼ. 

 
Här har kristallstrukturerna av flera olika föreningar bestämts med 
användning av RED. Strukturen av nålliknande kristaller på ytan av 
NiMH-partiklar löstes som La(OH) 2. En strukturmodell av 
metallorganiska lager har byggts baserat på RED data. En 3D 
MOF-struktur löstes från RED data. Två halogen 
perovskitstrukturer och två nysyntetiserade aluminofosfatstrukturer 
löstes. För de strålkänsliga kristallerna som karakteriseras här 
användes kylning till -170ᴼC för att minska strålskadorna. Den låga 
temperaturen minskar inte bara elektronstrålskador, men håller 
också strukturen stabilare i högvakuumet i ett TEM och förbättrar 
diffraktionsdatas kvalitet. Det visas att kylning kan förbättra 
upplösningen av diffraktionsdata för MOF och zeoliter. För prov 
som genomgår fasändringar vid låg temperatur kan datakvaliteten 
däremot bli sämre genom kylning. Sammanfattningsvis kan kylning 
förbättra ED-datakvaliteten så länge som den låga temperaturen 
inte orsakar en fasförändring. 
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